Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant syndrome caused by mutations in the MEN1 tumor suppressor gene. Loss of the functional second copy of the MEN1 gene causes individuals to develop multiple endocrine tumors, primarily affecting the parathyroid, pituitary, and pancreas. While it is clear that the protein encoded by MEN1, menin, suppresses endocrine tumors, its biochemical functions and direct downstream targets remain unclear. Recent studies have suggested that menin may act as a scaffold protein to coordinate gene transcription, and that menin is an oncogenic cofactor for homeobox (HOX) gene expression in hematopoietic cancer. The role of HOX genes in adult cell differentiation is still obscure, but growing evidence suggests that they may play important roles in the development of cancer. Therefore, we hypothesized that specific HOX genes were regulated by menin in parathyroid tumor development. Utilizing quantitative TaqMan RT-PCR, we compared expression profiles of the 39 HOX genes in human familial MEN1 (fMEN1) parathyroid tumors and sporadic parathyroid adenomas with normal samples. We identified a large set of 23 HOX genes whose deregulation is specific for fMEN1 parathyroid tumors, and only 5 HOX genes whose misexpression are specific for sporadic parathyroid tumor development. These findings provide the first evidence that loss of the MEN1 tumor suppressor gene is associated with deregulation of specific HOX gene expression in the development of familial human parathyroid tumors. Our results strongly reinforce the idea that abnormal expression of developmental HOX genes can be critical in human cancer progression.
Introduction
Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant syndrome caused by mutations in the MEN1 tumor suppressor gene (Chandrasekharappa et al. 1997 , Guru et al. 1998 . MEN1 patients are predisposed to develop multiple endocrine tumors, primarily affecting the parathyroid, pituitary, and pancreas. Tumorigenesis is initiated when loss of heterozygosity (LOH) occurs in patients with inherited missense, insertion, or truncation mutations in the MEN1 gene. Somatic inactivation and LOH of the MEN1 alleles have also been found in a variety of sporadic endocrine tumors , Heppner et al. 1997 , Wang et al. 1998 . Several independent mouse genetic experiments provide further support for MEN1 as a tumor suppressor gene (Crabtree et al. 2001 , Bertolino et al. 2003a ,b, Libutti et al. 2003 , Loffler et al. 2007 ). Though mice deficient in both Men1 alleles are embryonic lethal, mice heterozygous for Men1 mutation exhibit tumor development in a spectrum of endocrine tissues, similar to those found in human MEN1 patients (Crabtree et al. 2001 , Bertolino et al. 2003a .
Menin, the protein product of MEN1, has been shown to function as a transcription regulator by interacting with several nuclear proteins, such as JunD (Agarwal et al. 1999) , NF-kB (Heppner et al. 2001) , and Smad3 (Kaji et al. 2001) . Recent biochemical studies implicate menin in regulating chromatin modifications by interacting with a yeast SET-like complex containing mixed-lineage leukemia (MLL) protein (Hughes et al. 2004 , Yokoyama et al. 2004 . MLL is a proto-oncogene encoding a large protein (431 kDa) that is often fused with other proteins as a result of chromosomal translocations. These MLL chimeric fusion proteins and the wild-type MLL protein both regulate transcription of homeobox (HOX) genes, which are the master regulators of differentiation, proliferation, and morphogenesis (Krumlauf 1994) . Specifically, it has been demonstrated that menin is an oncogenic cofactor required for maintenance of Hox gene expression by the MLL fusion proteins in hematopoietic cancer (Yokoyama et al. 2005) . Menin has also been shown to directly regulate Hoxa9 expression during hematopoiesis and myeloid transformation (Chen et al. 2006) .
The HOX genes are a family of transcription factors that contain the highly conserved DNA-binding HOX domain. The four clusters of HOX genes, HOXA, HOXB, HOXC, and HOXD, are located on different chromosomes at 7p15, 17p21, 12q13, and 2q31, respectively. Based on HOX sequence similarity and chromosome structural organization, 9-11 paralogous HOX genes are assigned in each cluster, giving a total of 39 genes (Krumlauf 1994 , Kondo & Duboule 1999 , Brend et al. 2003 , Spitz et al. 2003 . The HOX gene network is involved in body axis patterning, stem cell renewal, cell fate, and cell differentiation in many tissue types including the parathyroid and thyroid glands (Manley & Capecchi 1998) . In addition, accumulating evidence suggests that abnormal HOX gene expression plays a central role in oncogenesis (Chen & Sukumar 2003 , Grier et al. 2005 . Misexpressions of HOX genes have been associated with breast (Raman et al. 2000) , cervical (Shim et al. 1998) , prostate (Waltregny et al. 2002 , Miller et al. 2003 , and thyroid cancers . Although HOX genes have well-established roles during embryogenesis, little is known about their upstream regulators and downstream target genes in tumor development.
The menin-dependent mechanisms for HOX gene expression in leukemia and the growing evidence of differential HOX gene expression in cancers have led us to hypothesize that the loss of menin might lead to deregulation of specific HOX gene expression in the endocrine neoplasia observed in MEN1 patients. As an initial step to better understand HOX genes in parathyroid tumor development, we compared the HOX gene expression patterns between familial MEN1 (fMEN1) parathyroid tumors and sporadic parathyroid tumors. Using real-time quantitative RT-PCR, we demonstrated that parathyroid tumor development is associated with deregulation of developmental HOX genes. We identified a large set of HOX genes whose misexpressions are associated with familial parathyroid tumor development. In addition, we revealed a set of common HOX genes that are involved in parathyroid tumor development and five HOX genes whose deregulation is specific for sporadic parathyroid adenoma. These results suggest that there exists a menin-dependent and a menin-independent regulation of HOX genes, which are critical for human parathyroid tumor development.
Materials and methods

Tissue samples
A total of five normal human parathyroid tissues, ten sporadic parathyroid adenomas, and ten fMEN1 parathyroid tumors were obtained from patients under National Institutes of Health Institutional Review Board (NIH IRB) approved protocols. None of the patient was related to each other. The samples were flash-frozen in liquid nitrogen after surgical removal and stored at K80 8C. Frozen parathyroid tissues were embedded in optimal cryo temperature compound (Tissue Tek II, Miles, Elkhart, ID, USA) on dry ice. Tissues were sectioned to 8-10 mm thickness using a cryostat, and scraped off from slides for RNA processing.
Sequence analysis of MEN1
Sequence analysis of the MEN1 gene was performed in our laboratory or Macrogen Corp. (Rockville, MD, USA). Briefly, patient's frozen sectioned parathyroid tissues were processed for genomic DNA isolation. All coding exons of MEN1 were sequenced using the primers listed in Supplementary Table 1, which can be viewed online at http://erc.endocrinology-journals.org/ supplemental/, with an annealing temperature of 60 8C. PCR primers designed with Primer Express (Applied Biosystems, Foster City, CA, USA) were appended with M13 forward or reverse tags. Genomic DNA was amplified by PCR using the following conditions: 10 ng genomic DNA, 0.2 mM each primer, 200 mM each dNTP, 2 mM MgCl 2 , 0.5 units AmpliTaq Gold DNA polymerase (Applied Biosystems), and the manufacturer's buffer. Bidirectional sequencing of
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www.endocrinology-journals.org amplified DNA using the Big-Dye Terminator method (Applied Biosystems) and M13 forward and reverse primers was analyzed on ABI-Perkin-Elmer platforms (models 3100 and/or 3700). Sequencing results were analyzed by H-C J S and L M Y using Sequencher 4.0.5 software (Gene Codes Corporation, Ann Arbor, MI, USA). MEN1 mutation status and clinical pathological findings of the patient specimens are shown in Table 1 . Germ line status of the MEN1 gene was obtained from a database maintained by SJ Marx's laboratory at National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) under NIH IRB approved protocols.
Reverse transcription and quantitative real-time PCR
Total RNA samples were purified using the PicoPure system (Arcturus, Mountain View, CA, USA) in a final volume of 11 ml RNase-free water. RNA quality was tested by spectrophotometry and by evaluation on BioAnalyzer minichips (Agilent Technologies, Palo Alto, CA, USA). Total RNA was used as a template to generate single-stranded cDNA with random hexamer primers. The final volume of the reaction was brought to 500-750 ml using RNase-free water and stored at K20 8C until use.
For the quantitative analysis of mRNA expression, ABI Prism 7500 Sequence Detection System and Applied Biosystems 7500 System SDS Software (Applied Biosystems) were utilized. All primers and probes were designed against GenBank-published sequences in association with Primer Express (Applied Biosystems). The majority of HOX primers were synthesized as previously described ) and listed in Supplementary Table 2, which can be viewed online at http://erc.endocrinology-journals. org/supplemental/. Standards were generated using gel-extracted PCR products with QIAquick Gel Extraction Kit (Qiagen), except for the glyceraldehyde 3-phosphate dehydrogenase (G3PDH) standard, which is plasmid DNA (a kind gift from Dr Tetsuya Moriuchi, HokkaidoUniversity, Japan). For the PCR, 12.5 ml TaqMan Universal PCR Master Mix (Applied Biosystems), 0.5 ml of 80 mM for each of the forward and reverse primers, 0.5 ml of 10 mM dual labeled fluorescent probe (FAM reporter dye and TAMARA quencher dye), and 6 ml RNase-free water were combined. To each well, 5 ml cDNA were added resulting in a final reaction volume of 25 ml. The PCR was performed for 40 cycles with a two-step program: denaturation at 95 8C for 15 s, and annealing and extension at 60 8C for 1 min. The fluorescence signal was read at the completion of the 60 8C step. All PCRs were run on 2% agarose gel to verify the size of PCR products. For each experiment, non-template reactions were included as a negative control. Standard curve absolute quantification was used to quantify copy number for each gene of interest. Briefly, for each gene curves from each experiment were compared to ensure accurate, precise, and reproducible results.
Statistical analysis
Quantitative mRNA expression data were analyzed with a Mann-Whitney non-parametric test using InStats (GraphPad Software, San Diego, CA, USA). A P value of !0.05 was considered statistically significant.
Results
MEN1 mutation status in familial and sporadic parathyroid tumors
To confirm the MEN1 alleles' status from patient samples used for HOX expression profiles, sequencing analyses were performed on DNA isolated from parathyroid tumors. As shown in 
Expression profiles of HOX genes in fMEN1 and sporadic parathyroid tumors
Using qRT-PCR analysis, expression patterns of the 39 HOX genes in normal parathyroid, fMEN1 and sporadic parathyroid tumors are shown in Fig. 1 . When compared with normal parathyroid, expression of HOX genes was largely upregulated in both fMEN1 and sporadic parathyroid tumors. Only two HOX gene expressions, HOXA4 and HOXB9, were downregulated in both fMEN1 and sporadic samples. We were unable to group the 39 HOX gene expression patterns by diagnosis using unsupervised hierarchical clustering (data not shown).
Using normal samples as the reference, we performed statistical analysis to determine whether HOX gene expression is significantly different for fMEN1 and sporadic parathyroid tumor samples. We revealed that 28 HOX genes in fMEN1 samples were significantly different from normal samples, whereas 10 HOX genes in sporadic samples were significantly different from normal samples (Fig. 2) . Using a Venn diagram, deregulation of five HOX genes (A4, A5, B2, B9, and C4) was found to be common for both fMEN1 and sporadic parathyroid tumor development (Fig. 2) . Interestingly, expression of the 23 HOX genes that are specific for fMEN1 samples were all upregulated in fMEN1 samples, with the exception of HOXC12. In contrast, expressions of the five HOX genes (A1, D3, D4, D8, and D13) specific for sporadic parathyroid Figure 2 A Venn diagram to illustrate the number and identification of HOX genes whose deregulation are shared between familial and sporadic parathyroid tumors, or the HOX genes whose deregulation are specific for either familial (dark gray circle) or sporadic parathyroid tumors (light gray circle).
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Discussion
In the present study, we hypothesized that the loss of menin leads to deregulation of HOX genes in parathyroid tumors from fMEN1 patients. Quantitative RT-PCR analysis of 39 HOX genes was performed in 10 fMEN1 parathyroid tumors, 10 sporadic parathyroid adenomas, and 5 normal parathyroid samples.
Although it has been previously demonstrated that familial and sporadic parathyroid tumors do not exhibit an array expression pattern that is unique for each group (Haven et al. 2004) , we were able to identify 23 HOX genes whose expressions were significantly deregulated in fMEN1 parathyroid tumors, and only 5 HOX genes whose downregulated expression are specific for sporadic parathyroid tumors. We further identified five HOX genes, the altered gene expressions of which are associated with both familial and sporadic parathyroid tumors. Our findings suggest that there exists a menin-dependent mechanism in regulating HOX gene expression in familial parathyroid tumor, and that a different molecular pathway may be utilized for the development of familial and sporadic parathyroid tumors.
MEN1 and its encoded protein, menin, were originally identified as a tumor suppressor in the human endocrine syndrome of fMEN1 (Chandrasekharappa et al. 1997) . Recently, menin has been shown to serve as a stabilizing protein to maintain normal HOX gene expression in non-endocrine contexts. In complex with MLL nuclear proteins, menin positively regulates Hoxc8 in mouse embryonic fibroblast cells (Hughes et al. 2004) , and directly activates Hoxa9 in mouse bone marrow cells (Chen et al. 2006) . In human HeLa cells or leukemia cells, HOXA7, HOXA9, and HOXA10 are shown to be the direct targets for menin in association with MLL oncoproteins (Yokoyama et al. 2004 (Yokoyama et al. , 2005 . In contrast to published studies, we described here that the loss of menin led to upregulation of HOX gene expression for HOXA9, HOXA10, and HOXC8 in familial parathyroid tumors. Together, these results suggest that menin might be a positive or negative regulator for HOX gene transcription depending on cell type. In addition, a genomewide analysis of menin binding demonstrates that menin occupies intergenic and intragenic portions of HOX clusters in HeLa cells (Scacheri et al. 2006) . Specifically, menin occupancy is reported at HOXA6, A10, A11, A13, B6, B7, C4, C6, C9, C10, and C11, while no significant binding is detected at the HOXD cluster. Consistent with this report, 9 of the above 11 menin-occupied HOX gene clusters were found to be significant for fMEN1 parathyroid tumors in our study, suggesting a direct role for menin in regulating these HOX gene expressions. It remains to be determined whether menin directly regulates all HOX genes identified for fMEN1 parathyroid tumors. Further experiments will also be needed to elucidate if menin modulates HOX gene expression via chromatin methylation and modification in parathyroid tumors, as demonstrated for hematopoietic cancers (Hughes et al. 2004 , Yokoyama et al. 2004 .
Since somatic inactivation of the MEN1 alleles have been reported in 15-30% of sporadic parathyroid tumors, it has been suggested that molecular pathway utilized in fMEN1 syndrome might be active in the pathogenesis of some sporadic parathyroid tumors , Heppner et al. 1997 , Wang et al. 1998 . With respect to HOX genes, we did not observe a menin-dependent pathway that is shared between the fMEN1 and sporadic parathyroid tumors. While normal MEN1 gene was not a criterion in selecting sporadic parathyroid adenomas, we noted that none of the sporadic parathyroid tumors analyzed had mutations in the MEN1 gene in this study. Therefore, there remains a possibility that menin-dependent regulation of HOX genes may be important in some sporadic parathyroid tumors containing somatic inactivation of MEN1.
An increasing number of published works implicate deregulation of developmental HOX genes in tumorigenesis (Chen & Sukumar 2003 , Grier et al. 2005 . Consistent with this idea, we showed that expressions of HOX group 3 paralogs, genes required for formation of parathyroid glands during embryogenesis (Manley & Capecchi 1998) , were significantly deregulated in both familial and sporadic parathyroid tumors. In particular, elevated expression of HOXA3 and HOXB3 might imply that reactivation of these HOX genes is related to the initiation of familial parathyroid tumor development. In addition, we observed that 12 out of 16 posterior abdominal-B subgroups of HOX genes, which are paralogs 9-11 expressed in the caudal region of the embryo (Krumlauf 1994) , were significantly misexpressed in either familial (HOXA10, A11, A13, B13, C9, C10, C12, D9, D10, D11, and D12) or sporadic (HOXD13) parathyroid tumors. Disorganization of the Endocrine-Related Cancer (2008) 15 267-275 www.endocrinology-journals.org spatiotemporal colinearity order of the HOX gene chromosomal position may also contribute to parathyroid tumorigenesis. Detailed molecular studies will be required to further delineate mechanisms involving deregulation of HOX genes in human parathyroid tumors.
In conclusion, this is the first study employing a comprehensive analysis of the 39 HOX genes in human parathyroid tumors. We identified common HOX genes that are involved in parathyroid tumor development, and HOX genes whose deregulation is specific for either fMEN1 or sporadic parathyroid tumors. These results demonstrate the existence of a menin-dependent and a menin-independent regulation of HOX genes critical for the development of human parathyroid tumors. Further analysis of the expression network among HOX genes and identification of menindependent pathways will lead to a better understanding of how HOX genes contribute to parathyroid tumor development.
